Introduction
The climate of the Algerian Sahara is characterized by extreme conditions. Wind turbines that would be installed in this region, namely the electromechanical equipment located inside the nacelle (e.g. electrical generator) are subjected to high and fluctuating temperature gradients during the day and seasons. This reality might generate contradictory constraints of design and can lead to some difficulties of conception. In order to maintain an appropriate temperature of the air inside the nacelle, a cooling system must be employed, so the heat released by the generator could be rejected towards the atmosphere. The resulting heat transfer must be controlled properly to ensure safe operation and to prevent failure of the wind turbine, under high ambient temperature conditions. Thus, a compromise should be found between the air temperature levels inside the nacelle on one hand, and the high cooling efficiency which leads to lower reliability and higher cost for such a complex cooling system, on the other hand. The main challenge for electronic equipment in a wind turbine nacelle is that they must withstand a wide range of ambient temperature, usually from −20•C C to +55•C. To assess the effect of the environment temperature on wind turbine nacelle operating in Canadian Nordic climate, a numerical method has been developed previously by Smaili et al. [1] .
The air flow has been described by Reynolds averaged NavierStokes equations and the energy equation has been used to account for the heat transfer effects. The resulting governing equations have been solved by the ControlVolume Finite Element Method (CVFEM) [2] . In a recent work [3] , a numerical method has been proposed to investigate the nacelle thermal behavior operating under extreme Saharan hot weather conditions. A few studies on the nacelle thermal behavior are available in the literature [4, 6] , while several works on the heat transfer in rectangular/square enclosures have been published (e.g. [7] ). The main purpose of the present study is to assess the cooling capacity needed to ensure acceptable temperature levels inside the nacelle, by considering the buoyancy effect within the nacelle. Hypothetical nacelle has been considered and a boundary layer analysis has been carried out in order to validate the adopted numerical method. Detailed results including temperature and velocity fields within the nacelle have been presented and discussed. To assess properly the buoyancy effect, average temperature distributions inside the nacelle, as well as the required cooling capacity have been investigated.
Mathematical model

Physical problem
In the present study, we consider a hypothetical nacelle having dimensions with scaling factor of 1/40 from the real dimensions. Fig. 1 illustrates the geometry of the 2D-problem. The nacelle is considered air-tight, therefore the natural convection problem within the nacelle can be treated independently from the external conditions. The following considerations and simplifying assumptions are considered.  The 2D-case is considered in the present work.  External heat exchange and air flow around the nacelle are neglected.  The gravity impact (buoyancy force) is considered.
Thus, heat transfer by natural convection takes place within the nacelle.  Heat transfer by radiation is neglected.  Heat generation (considered to be resulting mainly from electrical generator) is idealized as an isothermal condition, represented by a hot plate (i.e. generator wall) at temperature H T in the computational domain.  The cooling system is idealized as an isothermal condition, represented by a cold plate (i.e. nacelle internal wall) at temperature C T , which represents the cooling temperature.  Only laminar natural convection heat transfer regime is considered for this purpose.
Governing equations and boundary conditions
For steady flow conditions, the complete set of fluid equations, expressed in the two dimensional coordinate system,
, consists of the continuity, Navier-Stokes and energy equations where Boussinesq approximation is considered for the temperature density dependence.
1 ,
where u and v are velocity components in x and y directions.
T and p are air temperature and pressure, respectively.
 ,  and  denote respectively density, kinematic viscosity and thermal diffusivity of the air.
g is the acceleration due to gravity and  the thermal expansion coefficient of the air. 
Numerical method
Numerical scheme
To solve the resulting governing equations along with the specified boundary conditions, ANSYS FLUENT code based on the finite-volume method has been used. SIMPLE algorithm was selected for the pressure-velocity coupling where the discretized equations have been iterated with relaxation factors of 0.3 for pressure, 0.7 for momentum and 1 for energy as the defaults. The second-order upwind differencing scheme has been adopted for momentum and energy equations.
Grid topology and mesh dependence study
Non-uniform triangular meshes have been used to carry out simulations. Fine grid is considered close to the isothermal walls where high temperature and velocity gradients take place. Fig. 3 illustrates the topology of the grid.
Fig. 3 Grid topology
To determine the appropriate grid size that would produce mesh-independent numerical results, simulations have been performed for typical cold plate and hot plate temperatures. The resulting total heat rate, k is the air thermal conductivity assumed to be constant and calculated at the mean temperature
 denotes the curvilinear path describing the generator wall. n and s are, respectively, the local coordinate normal to the wall and the curvilinear coordinate. Fig. 4 shows the mesh dependence study results. As it can be seen, for number of nodes greater than 4 10 . 6 , the resulting total heat rate seems to be independent of grid size. can be seen, the behavior of these simulation results seems to be quite reasonable, thus confirming, qualitatively, the validity of the proposed numerical method, in particular, the concentration of the hot air in the upper part of the nacelle which is due to the decrease in its density, thus confirming the suitability of the adopted Boussinesq approximation.
From Fig. 6 , it can be seen that the air motion within the nacelle is characterized by recirculating flow concentrated mainly in three cells adjoining the hot and cold walls. On the left-bottom side of the nacelle, thermal instability starts to occur, giving birth to secondary air circulation core. , where the subscripts H and C refer to hot and cold plate vicinities respectively, while the upper-bar denotes the average over the cold plate temperatures range. It is important to notice that boundary layer effect occurs more clearly in the vicinity of the hot plate than on the opposite side where instability of the flow starts to occur.
Along Line B, temperature and vertical velocity profiles behave similarly to those along Line A (cf. Fig. 7, c  and d) . Nevertheless, the flow is more stable, due to the nearness of hot and cold plates along Line B. Figs. 7, e and f show profiles of temperature and horizontal velocity along Line C. Temperature is increasing from the cold plate temperature on the bottom of the nacelle to reach a maximal value in the upper part of the nacelle ( % 80 of the nacelle height), confirming again the adopted Boussinesq approximation, then it decreases to the cold plate temperature at the top wall of the nacelle. As it would be expected, horizontal velocity profiles along Line C show that motion of air is more significant in the vicinity of the top wall of the nacelle (cf. Fig. 7 , f).
Boundary layer analysis
For further verification of the proposed numerical method and accuracy of the obtained results, it is of interest to put light on the boundary layer aspect. For this aim, we focus our study on air flow and heat transfer in the vicinity of the generator left wall. This choice is based on the relatively long distance between hot and cold plates on this side of the nacelle, which produces almost-quiescent air conditions far from the vertical wall. This physical situation is typically similar to the classical problem of Laminar Natural Convection flow and heat transfer about an Isothermal Vertical Plate (LNCIVP) treated by Ostrach using the semi-analytical method of similarity [8] .
Along Line A and near the hot plate region, temperature and vertical velocity are, first, extracted and shifted to the ) , ( y x coordinate system (cf. Fig. 2 ), second, non-dimensionalized according to Eqs. (6) and (7), respectively, then plotted versus the non-dimensional modified ordinate  y given by Eq. (8). 
where  T denotes the almost-quiescent air temperature far from the hot plate, that can be read directly from Figs. 9 and 10 illustrate, respectively, the obtained profiles of non-dimensional temperature and vertical velocity, for three different cooling temperature cases, along with the semi-analytical solution of LNCIVP problem, for the corresponding Prandtl number of the air.As it can be seen, the resulting non-dimensional temperature and vertical velocity profiles exhibit clearly a laminar boundary layer behavior, again confirming the proposed numerical approach.
Furthermore, for three C T values, the corresponding temperature and vertical velocity profiles are all collapsing on one curve, which validates the proposed non-dimensionalizing procedure. On the other hand, we notice a sharper over-estimating in the non-dimensional vertical velocity than it is the case in the non-dimensional temperature profile where a slight discard is obtained between our results and the semi-analytical solution. This discrepancy might be explained by the fact that air within nacelle far from the left side of the generator is not perfectly quiescent.
Nacelle thermal behavior analysis
To assess properly the hypothetical nacelle thermal behavior, both the required cooling capacity, C q , and the resulting temperature-level inside the nacelle determined by the average air temperature, av T , constitute the key parameters. Since the heat exchange with the external environment has been neglected, the required cooling capacity reduces to the total heat rate inside the nacelle, i.e., 
On the other hand, average temperature within the nacelle is calculated as:
where:
A denotes the inner surface area of the 2D-nacelle. Figs. 11 and 12 show the resulting required cooling capacity and the average temperature within the nacelle as functions of the cooling temperature, C T ,along with the same parameters assessed by neglecting the buoyancy effect (i.e., pure conduction case). As it can be seen, in both cases, these two parameters exhibit a linear variation with respect to the cooling temperature. As it would be expected, the cooling process requires much more capacity rate in the natural convection case, where resulting temperature level is more significant. Furthermore, from Fig. 11 , it is clear that the lower is the cooling temperature; the more energy-requiring is the cooling process. This is again a qualitative validation of the numerical method. We observe also that the buoyancy impact on the nacelle thermal behavior is intensifying as the temperature span,
, increases. Therefore, buoyancy effect might constitute a determinant factor for the thermal design of the nacelle cooling system.
Conclusion
This paper presents a numerical method to investigate the thermal behavior of a nacelle under the effect of natural convection heat exchange. For this purpose, a hypothetical nacelle has been considered, where external heat exchange and air flow around the nacelle have been neglected. The heat generation and the appropriate cooling system idealized as isothermal conditions have been represented respectively by hot and cold plates in the computational domain.
Simulations have been carried out for different cold plate temperatures. The resulting temperature and velocity profiles have been visualized along different directions within the nacelle, and have shown good qualitative agreement with the physical expectations.
As for validation, boundary layer analysis has been carried out by comparing the obtained numerical results with the semi-analytical solution of the classical problem of laminar natural convection about an isothermal vertical plate, where a satisfying agreement has been noticed.
The impact of buoyancy forces on the thermal behavior of the hypothetical nacelle has been assessed by considering the required cooling capacity and the average temperature within the nacelle. Comparison with pure conduction case has been performed, and confirmed that appropriate values of required cooling loads are definitely dependent on the accurate predictions of natural convection within the nacelle.
Future works will be mainly focused on the development of more detailed numerical method that takes into account most of practical and nacelle thermal design considerations; such as the effects of heat exchange by radiation, modeling of heat generation (due to generator, gearbox and electronic components), three-dimensional flow fields within nacelle and around wind turbine, as well as turbulence modeling.
